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ABSTRACT
Template independent polymerases, and terminal
deoxynucleotidyl transferase (TdT) in particular,
have been widely used in enzymatic labeling of
DNA 30-ends, yielding fluorescently-labeled
polymers. The majority of fluorescent nucleotides
used as TdT substrates contain tethered
fluorophores attached to a natural nucleotide, and
can be hindered by undesired fluorescence charac-
teristics such as self-quenching. We previously
documented the inherent fluorescence of a set of
four benzo-expanded deoxynucleoside analogs
(xDNA) that maintain Watson–Crick base pairing
and base stacking ability; however, their substrate
abilities for standard template-dependent polymer-
ases were hampered by their large size. However, it
seemed possible that a template-independent
enzyme, due to lowered geometric constraints,
might be less restrictive of nucleobase size.
Here, we report the synthesis and study of xDNA
nucleoside triphosphates, and studies of their
substrate abilities with TdT. We find that this
polymerase can incorporate each of the four xDNA
monomers with kinetic efficiencies that are nearly
the same as those of natural nucleotides, as
measured by steady-state methods. As many as 30
consecutive monomers could be incorporated.
Fluorescence changes over time could be
observed in solution during the enzymatic incorpor-
ation of expanded adenine (dxATP) and cytosine
(dxCTP) analogs, and after incorporation, when
attached to a glass solid support. For (dxA)n
polymers, monomer emission quenching and
long-wavelength excimer emission was observed.
For (dxC)n, fluorescence enhancement was
observed in the polymer. TdT-mediated synthesis
may be a useful approach for creating xDNA labels
or tags on DNA, making use of the fluorescence and
strong hybridization properties of the xDNA.
INTRODUCTION
Synthetic nucleobase analogs have attracted broad interest
for their utility in studying biological processes (1–5), their
medicinal value (6–8), and their potential to expand the
genetic alphabet (9–12). Among these, ﬂuorescent
nucleobase analogs show particular utility as probes of
biological structure and activity due to their ease of
enzymatic or synthesizer-based incorporation into DNA,
and their intimate association with the stacked DNA
structure (13–19). Fluorescent nucleobases have been
widely employed in DNA microarray gene expression
analysis (20), ﬂuorescence in situ hybridization (21), and
single-nucleotide polymorphism analysis (22,23).
Fluorescent nucleobases can be close variants of the
canonical bases, or can be structurally quite distinct
from the natural structures (24–26). Previously we have
described a set of size-expanded nucleoside analogs
(xDNA) containing an added benzene ring inserted into
the nucleobase of all four natural bases (27–29).
While maintaining Watson–Crick hydrogen-bonded base
pairing, these large-sized nucleobases stack more strongly
than their natural counterparts, resulting in double helices
that are larger and more thermally stable than natural
DNA (30). The expansion of the p-system also results in
the four xDNA nucleobases being ﬂuorescent, with high
quantum yields and emission in the violet–blue
range (31,32). The ﬂuorescence properties of single
xDNA monomers in DNA and of short oligomers
of xDNA have been studied recently (33). To date,
xDNA nucleobases have been incorporated into
oligonucleotides only via DNA synthesizer incorporation
of phosphoramidite derivatives, and enzymatic incorpor-
ation has been largely unexplored. Only one xDNA
nucleoside triphosphate has yet been described in a
preliminary report (34).
Enzymatic incorporation of ﬂuorescent nucleotides into
DNA is useful for the detection of biological processes
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well-known TUNEL assay, terminal deoxynucleotidyl
transferase (TdT) is used to label the 30-ends of
fragmented DNAs in cells undergoing apoptosis with a
ﬂuorescently-labeled deoxyuridine triphosphate (FAM-
dUTP) (42–45). The enzyme can incorporate dozens of
successive nucleotide monomers into a homopolymer, re-
sulting in distinct labeling. As TdT is a
template-independent polymerase (46), the resulting
labeled oligomer is a single strand of DNA.
Because of its large size, xDNA is a challenging
substrate for DNA polymerases. Previous studies on the
enzymatic incorporation of natural nucleoside triphos-
phates opposite an xDNA template base with the
Klenow fragment of DNA Pol I have shown that,
although pairing selectively with their corresponding
xDNA base, the pair synthesis and extension is hindered
due to size constraints of the resulting base pair (1,47).
A repair enzyme with greater steric ﬂexibility was able
to synthesize four consecutive bases of DNA on an
xDNA template, but still with lowered efﬁciency relative
to natural DNA pairs (48). However, other classes of
polymerases should also be considered, since they
display widely varied and specialized functions. TdT in
particular is of interest because it does not require a
template strand to polymerize DNA; thus we
hypothesized that it might be able to incorporate xDNA
nucleotides successively, as there would be no large-sized
double-stranded structure to consider. The enzymatic
synthesis of xDNA homopolymers could potentially
be of interest in multiple respects. For example, the
homopolymers could be used as afﬁnity tags, akin to
polyA tails (49) but with higher afﬁnity from the
stronger helix-forming tendencies of xDNA. Second,
strings of xDNA bases can display unusual ﬂuorescence
characteristics (33), such as excimers in poly(dxA), which
are otherwise not available in natural DNA bases or in
ﬂuorescein-labeled thymidine (the common TdT sub-
strate). Third, they could potentially be used as
improved reporters in assays that employ TdT.
Here we report the synthesis of xDNA nucleoside
triphosphates (Figure 1) and their substrate properties
with the TdT enzyme. We ﬁnd that all four are efﬁcient
substrates for the enzyme using a natural DNA oligodeox-
ynucleotide as primer. Experiments show that, in addition
to having incorporation efﬁciencies comparable to those
of natural DNA triphosphates, as many as thirty consecu-
tive monomers could be incorporated. Finally, we ﬁnd
that oligonucleotide strands containing multiple dxA
and dxC monomers undergo distinct ﬂuorescence
changes from their respective triphosphate monomers in
aqueous solutions, and when attached to DNA primers on
glass support beads. The results suggest the use of these
inherently ﬂuorescent nucleotides in applications that
involve end-labeling of nucleic acids.
EXPERIMENTAL PROCEDURE
Preparation of xDNA nucleoside triphosphate derivatives
Syntheses of nucleosides dxA, dxC, dxG and dxT were
carried out according to previous methods (28,29,31).
Details are given in the Supplementary Data. In brief,
the free nucleoside compounds were treated with
phosphorus oxychloride at 0 C in trimethylphosphate,
followed by addition of tributylammonium pyrophos-
phate and tributylamine. Although the synthesis of the
dxA triphosphate has been reported earlier (34), our
synthesis followed a different one-pot procedure described
by Ludwig (50), which requires no protection of the
exocyclic amine or 30-hydroxyl.
Puriﬁcation of nucleotides dxATP, dxCTP, dxGTP and
dxTTP required a two-step procedure involving ﬁrst anion
exchange fast protein liquid chromatography using a
diethylaminoethyl cellulose column followed by reverse-
phase HPLC (Supplementary Data). The puriﬁed triphos-
phate derivatives were subsequently converted to the
sodium salt, and were characterized by mass spectrometry
and phosphorus NMR (Supplementary Data).
TdT-mediated incorporation of multiple nucleoside
triphosphates
A DNA primer (50-ATA CCA AAG T-30) was
50-end-labeled with [g-
32P] ATP, puriﬁed and desalted
Figure 1. Expanded DNA nucleoside triphosphates used in this study.
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unlabeled primer, labeled primer and buffer consisting of
potassium acetate (200mM), Tris–acetate (800mM, pH
7.9), magnesium acetate (40mM), CoCl2 (1mM) and
dithiothreitol (4mM) were allowed to incubate with an
enzyme solution containing TdT (4U/ml) for 3min at
37 C [1U of TdT is deﬁned by the supplier as the
amount of enzyme that will incorporate 1nmol dATP in
1 h at 37 C using d(A)18 as primer]. After 3min, dNTP
was added to make a ﬁnal [dNTP] of 10mM. The reaction
was allowed to proceed for 1h, then was quenched with
loading buffer (95% formamide, 20mM EDTA, 0.05%
xylene cyanol and bromophenol blue). The lengths of
the reaction products were determined by running
quenched reaction samples on 20% denaturing polyacryl-
amide gels, exposing radiolabeled images to a phosphor
screen, and analyzed by phosphorimaging.
Steady-state kinetics of TdT single-nucleotide insertion
into DNA primers
The steady-state kinetics of single-nucleotide insertion
reactions were followed and evaluated according to
previous methods (51). The above procedure was used
with the exception of a reduced incubation time from 1
h to 1min to suppress multiple incorporations and ensure
<20% primer extension to meet the requirement for the
initial rates method. To initiate reaction, an equal volume
of dNTP solution, containing a variable dNTP concentra-
tion, was added to the primer/enzyme solution. Further
details can be found in the Supplementary Data (p. 6).
The extents of reaction were determined by running
quenched reaction samples on 20% denaturing polyacryl-
amide gels, exposing radiolabeled images to a phosphor
screen, and analyzed by phosphorimaging. The relative
velocities of dNTP incorporation were calculated as
v=([S] I1/(I0+I1))/t, where Ip=product band intensity
(n+1), I0=n band intensity (starting primer),
[S]=concentration of substrate, and t=reaction time
(min). Vmax and Km values were extracted from Hanes–
Woolf plots of [S]/v versus [S]. [S]=[dNTP] and were
regarded as constant during the course of each reaction.
Error estimates were obtained from standard deviations of
reactions run in at least triplicate.
Fluorescence methods for study of dxATP and dxCTP
incorporation by TdT
TdT enzyme (1U/ml, cloned from calf thymus, New
England Biolabs) was added to a solution containing
primer (50-ATA CCA AAG T-30) and TdT buffer consist-
ing of potassium acetate (200mM), Tris–acetate (800mM,
pH 7.9), magnesium acetate (40mM) and CoCl2 (1mM).
The mixture was allowed to incubate for 3min at 37 C. A
solution of either dxATP or dxCTP was then added and
the reaction was allowed to proceed for 1 h at 37 C.
The reaction was then quenched and heated to denature
the enzyme. Fluorescence measurements were made on the
oligonucleotides after puriﬁcation using size-exclusion
chromatography (NAP
TM-10 containing Sephadex G-10,
GE Healthcare). Further details can be found in the
Supplementary Data (p. 8).
For ﬂuorescence time course studies, ﬂuorescence was
measured directly from the crude solution by taking 10ml
aliquots from the reaction mixture, and then mixing in
1ml ﬂuorescence cuvettes containing PIPES buffer
solution (100mM NaCl, 10mM MgCl2 and 10mM
Na PIPES, pH 7.0). The ﬂuorescence spectra of the
resulting oligonucleotides were measured at varied time
points with a Spex-Fluorolog-3 series ﬂuorimeter.
Excitation wavelengths were 330nm for dxC ﬂuorescence
analysis and 333nm for dxA. Fluorescence curves were
normalized through the ﬂuorescence measurement of a
blank solution containing PIPES buffer solution and
subtraction of this data from the resulting solutions
containing oligonucleotide strands.
Controlled pore glass bead-primer ﬂuorescence studies
Synthesis of a DMT-protected non-cleavable linker
compound 4 (Scheme 1) was followed as reported earlier
(52), with the exception that controlled pore glass (CPG)
beads were used instead of polystrene beads for the solid
support and a different peptide coupling agent (HATU)
was used for step c.
Conjugation of a dT25 primer to CPG (4) was accom-
plished by reverse 30–50 automated DNA synthesis (1mmol
scale) on an ABI 392 DNA synthesizer. dT-50-CE
phosphoramidite (Glen Research) was used under
Scheme 1. Synthesis of CPG solid support with primer attached. (a) dimethoxytrityl chloride, N, N-diisopropylethylamine, 4-dimethylaminopyridine,
dichloromethane, 2h, room temparature, 92% (b) LiOH-H2O, THF/MeOH/H2O (3:1:1), 24h, room temparature, 59% (c) HATU (peptide coupling
agent), 4-dimethylaminopyridine, N, N-diisopropylethylamine, diemethylformamide, room temparature, 75%.
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coupling conditions (overall coupling yield, 62%).
The CPG-oligomers were deprotected in concentrated
ammonium hydroxide (55 C, 16h), then ﬁltered and
washed with water, dichloromethane and ethyl acetate,
and dried under vacuum overnight.
A suspension of CPG beads containing primers
( 5mM) was mixed with the TdT enzyme (1U/ml) in
TdT buffer [potassium acetate (200mM), Tris–acetate
(800mM, pH 7.9), magnesium acetate (40mM) and
CoCl2 (1mM)]. Following incubation of the enzyme/
primer mixture, dxCTP or dxATP solutions (ﬁnal
[dxCTP]=140mM, ﬁnal [dxATP]=68mM) were added
and the reaction was allowed to proceed for 1h at 37 C
(Scheme 2). The total reaction volume was 20ml.
The resulting CPG beads were ﬁltered, washed with
deionized water and dried under vacuum, then imaged
using an epiﬂuorescence microscope (Nikon Eclipse
E800 equipped with 4 and 20 objective). An excitation
ﬁlter (330–380nm) was used for beads incubated with
dxATP and dxCTP. The emission ﬁlter for beads
incubated with dxATP was a >420nm long pass, while
the emission ﬁlter for beads incubated with dxCTP was
>400nm.
RESULTS
Incorporation of multiple xDNA and natural nucleoside
triphosphates with TdT
Analysis after TdT labeling reactions using PAGE gels
showed extensive incorporation of each of the four
natural nucleoside triphosphates (Figure 2, lanes 1–4)
and incorporation of 1–20 xDNA nucleoside triphos-
phates (lanes 5–8) under the same conditions. Among
the natural dNTPs, stalling of deoxyguanosine incorpor-
ation (lane 2) was observed after  30nt, possibly due to
the formation of G-quadruplexes. The longest synthesized
polymers were seen for dATP (lane 4, up to nearly 100nt)
consistent with previous studies showing the preference of
TdT for this base (53). The xDNA oligomers fell into a
narrower range of lengths and showed little differences in
length among the four. Under the conditions of the
experiment, the most populated length was a trimer, but
lengths of at least 15nt were present in all cases. It should
be noted that polymer lengths varied with enzyme activity,
concentration and source as well as dNTP concentration;
an example is given in the Supplementary Figure S1
showing lengths for xDNA polymers of 30nt and
greater [except (dxT)n, which seemed to be limited to
shorter lengths].
Steady-state kinetics of TdT insertion of single nucleoside
triphosphates on a DNA primer
To evaluate the inherent efﬁciency of enzymatic incorpor-
ation of the initial xDNA nucleotides, we carried out
steady-state kinetics studies of primer extension,
measuring insertion of the ﬁrst nucleotide. The activities
with natural DNA nucleotides were also measured for
comparison. Data for efﬁciencies (as Vmax/Km) are
plotted in Figure 3; numerical values are given in the
Supplementary Table S1. Interestingly, the single-
nucleotide incorporation efﬁciencies of the expanded nu-
cleoside triphosphates were comparable to those of their
natural congeners. The expanded deoxythymidine
(dxTTP) had the lowest efﬁciency of all nucleotides, and
was  6-fold lower than the natural deoxythymidine
(dTTP). However, the expanded deoxyadenosine
(dxATP) had the highest incorporation efﬁciency, which
was higher than that of natural deoxyadenosine by a
factor of 4. The expanded deoxyguanosine and
deoxycytosine (dxGTP and dxCTP) analogs had incorp-
oration efﬁciencies nearly the same as, or slightly higher
than, their natural counterparts.
Solution ﬂuorescence studies of dxATP and dxCTP
incorporation
Previous studies with synthetic xDNA oligomers have
revealed that two of the monomers, dxC and dxA, give
distinct changes in their emission spectra in oligomeric
form as compared to the monomers (33). To investigate
Scheme 2. Addition of dxATP and dxCTP to (dT)25 primer attached to CPG bead.
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monomers, we measured the spectra of puriﬁed products,
and of reactions over varied time points.
After incubation of an oligodeoxynucleotide primer
with dxATP and TdT, size-exclusion chromatography
was used to remove excess dNTP. Spectra of the remain-
ing oligonucleotide-enriched fraction showed a distinct
change in the spectrum relative to the monomer dxATP
(Figure 4A). While the monomer showed an emission
maximum at  382nm, the puriﬁed product strand
showed an emission spectrum with peaks typical of the
monomer dxATP as well as a distinct long-wavelength
peak at  488nm, characteristic of excimer emission by
adjacent dxA bases (33).
The product of the TdT reaction with dxCTP using the
same DNA primer was also puriﬁed by size exclusion.
While both the monomer and TdT reaction product had
an emission maximum at  395nm (Figure 4B), the TdT
reaction product showed an  2-fold increase in ﬂuores-
cence, consistent with a previous observation of increased
ﬂuorescence in dxC oligomers relative to the monomer
components (33).
We then monitored the reactions over time by removing
aliquots and measuring emission changes during the
course of the polymerizations with a 10-mer DNA
primer. TdT reactions containing dxATP showed a
decrease in ﬂuorescence at the emission maximum of
385nm over 30min, as expected with a decrease in
dxATP monomer over time (Figure 5A). This is consistent
with a previous observation of lowered quantum yield of
dxA in synthetic homo-oligomers (33). In contrast, time
course studies of the ﬂuorescence emission of the TdT
reactions containing dxCTP showed an increase in ﬂuor-
escence at the emission maximum of 395nm, again
consistent with previous observations in synthesized
xDNAs (Figure 5B). Thus the results conﬁrm that
TdT-mediated reaction products yield emission changes
that can be monitored as they proceed.
Fluorescence imaging of dxATP and dxCTP
incorporation on solid support
TdT-mediated DNA polymerization reactions have been
shown to be useful in microscopic imaging on surfaces; for
example, in observing DNA fragmentation in apoptosis
in ﬁxed cells (44,54) and high-throughput sequencing in
microplate wells and microarrays (55). To test whether
products of xDNA polymerization could be imaged in a
similar way, we carried out reactions on 25-mer DNA
primers conjugated to controlled pore glass (CPG), and
captured images after incubation with TdT and xdNTPs.
For these studies we again chose dxATP and dxCTP, since
these were shown previously to give the largest changes in
ﬂuorescence in oligomeric form
.(33).
Figure 2. Autoradiogram of a polyacrylamide gel showing TdT inser-
tion of xDNA and DNA nucleoside triphosphates after 1 h. Lane 1:
incorporation of dTTP, 10mM; lane 2: dGTP, 10mM; lane 3: dCTP,
10mM; lane 4: dATP, 10mM; lane 5: dxTTP, 10mM; lane 6: dxGTP,
10mM; lane 7: dxCTP, 10mM; lane 8: dxATP, 10mM. M: 10bp size
marker; P: unreacted DNA primer (sequence 50-dATACCAAAGT-30).
Figure 3. Steady-state incorporation efﬁciencies (as Vmax/Km) for the
single nucleotide incorporation of expanded and natural nucleoside tri-
phosphates into a primer by TdT. Data were obtained by gel electro-
phoretic analysis using radiolabeled primers.
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unnatural monomers under an epiﬂuorescence microscope
revealed visible ﬂuorescence changes for both dxATP and
dxCTP incorporation (Figure 6). Blue/green ﬂuorescence
(>420nm) was observed after TdT was added to a
reaction mixture containing the primer-substituted
CPG-beads and dxATP (Figure 6A and B). The same
procedure was used to image glass substrates following
reaction of TdT with the CPG-attached primer and
dxCTP. Images measured at >400nm showed a blue
ﬂuorescence enhancement of the beads after addition of
TdT to a mixture containing the CPG beads and dxCTP
(Figure 6C and D).
DISCUSSION
Our experiments conﬁrm that the template-independent
polymerase TdT can successfully synthesize oligomers of
size-expanded DNA (xDNA) in lengths ranging from 3 to
30nt. The initial enzymatic efﬁciencies are similar to those
of natural dNTPs with this enzyme. The data further show
that two of the monomers (dxC and dxA) yield changes in
ﬂuorescence in the reaction products, which can be
observed in the puriﬁed product oligomers and imaged
on solid supports. Moreover, the reactions produce
changes in emission intensity in solution that can be
followed over time, allowing reaction progress to be
directly monitored spectroscopically.
The majority of previous studies of TdT incorporating
nucleotides use either natural nucleotides, or tethered
ﬂuorophores attached to natural nucleotides, such
as ﬂuorescein-dUTP, used in the TUNEL assay (42–45).
Only a few studies have used TdT to incorporate unnat-
ural nucleotides not tethered to ﬂuorophores. In two
studies, the non-natural nucleotides incorporated were
indole derivatives in which ﬂuorescence was not described
(56,57), and in the other study, we documented the
incorporation of 3–4 ﬂuorescent pyrene nucleotide
analogs (58) which stalled strongly at that point. The
current studies are distinct from these precedents
not only because of the changes in ﬂuorescence of the
incorporated dxA and dxC analogs, but also because of
the strong abilities of xDNA to hybridize to natural DNA,
which has previously been documented (59). The afore-
mentioned pyrene and indole oligomers have no ability
to hybridize.
Figure 4. Spectra of xDNTP monomers and of TdT reaction products partially puriﬁed by size exclusion. (A) Normalized emission spectra of TdT
reaction products with dxATP (green) and monomer dxATP (purple) in buffer (excitation 333nm). (B) Normalized emission spectrum of the TdT
reaction product with dxCTP (blue) and monomer dxCTP (red) in PIPES buffer (excitation 330nm). Spectra were measured in PIPES buffer
(100mM NaCl, 10mM MgCl2 and 10mM Na PIPES, pH 7.0).
Figure 5. Changes in ﬂuorescence emission during TdT-mediated polymerization of xDNA. (A) dxATP incorporation measured at 385nm. Reaction
aliquots measured in PIPES buffer (100mM NaCl, 10mM MgCl2 and 10mM Na PIPES, pH 7.0, excitation 333nm). (B) dxCTP incorporation
measured at 395nm (excitation 330nm). Curves are exponential ﬁts to the data.
Nucleic Acids Research,2011, Vol.39, No. 4 1591While our data show that all four xDNA nucleotides
were incorporated at the ends of a primer multiple times
by TdT, the number of nucleotides incorporated was
signiﬁcantly less than that of the natural deoxynucleoside
triphosphates (Figure 2). This suggests that while the
initial incorporation is efﬁcient, later nucleotides are
added less efﬁciently, implying that some property of
oligomeric xDNAs beyond short sequences acts to
inhibit further extension to some degree. Two properties
of single-stranded xDNA that are distinct from DNA are
stronger stacking and increased hydrophobicity (1). It is
possible that such properties might lead to unproductive
conformations or associations with the enzyme. Previous
experiments with other unnatural nucleotides with this
enzyme have also shown truncated products to be
common (56,58).
The ﬂuorescence characteristics of TdT-synthesized
products observed here are consistent with those seen
earlier with synthesized xDNAs. In a previous study of
synthetic xDNA oligomers, long-wavelength excimer
emission (490–590nm) from adjacent dxA residues
appeared when more than two dxA molecules were
attached to a natural oligonucleotide, and the intensity
of the band increased proportional to the number of
dxA nucleotides on the strand (33). Here, we observed
an apparent excimer band at 465–515nm on a puriﬁed
olignonucleotide strand containing multiple dxA
nucleotides incorporated with TdT (Figure 4A).
Fluorescence studies of dxCTP incorporation displayed
over an order of magnitude increase in ﬂuorescence
following puriﬁcation of the strand (Figure 4B) and a
signiﬁcant increase observed over time as the monomer
was consumed and the ﬂuorescence-enhanced polymer
was synthesized.
The current ﬁndings suggest possible uses of
TdT-mediated xDNA synthesis. Enzymatic incorporation
of ﬂuorescent xDNA nucleotides offers some possible
advantages over the incorporation of nucleotides contain-
ing tethered ﬂuorophores. The incorporation of directly
stacked chromophores may be able to more accurately
and intimately report on DNA structure and environment
since xDNA can hybridize as part of the helix, and thus
structural perturbation is minimized upon hybridization.
In addition, as stated previously, we have shown that an
oligonucleotide strand comprised of all xDNA bases can
bind a natural complement strand with much higher
Figure 6. Fluorescence microscopy images of TdT-mediated xDNA reaction products on CPG with (dT)25 primer attached. (A) [dxATP]=68mM,
TdT omitted. (B) [dxATP]=68mM, [TdT]=1U/ml. (C) [dxCTP]=140mM, TdT omitted. (D) [dxCTP]=140mM, [TdT]=1U/ml. Excitation
330–380nm for all images; emission was measured with a 420nm long-pass ﬁlter for (A), (B) and 400nm long-pass ﬁlter for (C and D).
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homopolymer xDNA strands synthesized by TdT could
be used as afﬁnity tags for separation of DNAs to which
they are attached. Beyond this, there may be advantages in
the ﬂuorescence as well. For example, ﬂuorescein-dU is
known to self-quench strongly in homooligomers (33),
while dxC oligomers have enhanced emission. Moreover,
ﬂuorescein-dU oligomers do not change their emission
wavelength, while dxA oligomers yield a strong red-shifted
excimer emission.
A practical advantage of using TdT for the incorpor-
ation of xDNA nucleotides is that it obviates the use of a
DNA synthesizer for creating homopolymers, in applica-
tions where mixtures of lengths are acceptable. Further
studies will be useful in applying the unusual ﬂuorescence
and hybridization properties of these expanded analog
oligonucleotide strands in biological applications. It will
also be of interest to study the photophysical origins of the
ﬂuorescence changes that occur in greater detail. Finally,
exploration of other enzymes that may be able to efﬁcient-
ly incorporate expanded nucleotide analogs will also be
worthy of study.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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